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A recent statistical study (Savitski, M. M.; Falth, M.; Eva Fung, Y. M.; Adams, C. M.; Zubarev,
R. A. J. Am. Soc. for Mass Spectrom. doi: 10.1016/j.jasms.2008.08.003) of a large spectral database
indicated that the product ion spectra of doubly protonated tryptic peptides fall into two
distinct classes. The main factor distinguishing the two classes is the relative abundance of the
yN-2 fragment: for Class I spectra yN-2 is the most abundant y fragment while for Class II other
y ions dominate the corresponding spectra. To explain the dominance of yN-2 for Class I spectra
formation of a nontraditional b2 ion with a diketopiperazine (6-membered cyclic peptide)
rather than an oxazolone structure was proposed. Here we present evidence from tandem
mass spectrometry, hydrogen/deuterium exchange, and density functional calculations that
do not support this proposal. Namely, that CID of doubly protonated YIGSR, YGGFLR, and
YIYGSFK produce Class I product ion spectra, yet the b2 fragment is shown to have the
traditional oxazolone structure. (J Am Soc Mass Spectrom 2009, 20, 618–624) © 2009
Published by Elsevier Inc. on behalf of American Society for Mass SpectrometryLarge-scale protein identification in proteomics isbased on peptide sequencing by tandem massspectrometry (MS/MS) [1–3]. Most commonly,
proteins are digested with trypsin and the resulting
peptides are introduced into the mass spectrometer by
electrospray ionization (ESI) [4]. ESI typically produces
multiply charged tryptic peptide ions. The product ion
spectra of these ions are assigned by various peptide
sequencing algorithms [3]. These currently work most
reliably for doubly protonated tryptic peptides [1].
Consequently, the majority of identified proteins in
large-scale proteomics projects are assigned on the basis
of these spectra too, making the gas-phase fragmenta-
tion behavior of doubly protonated tryptic peptides one
of the most important chemistries utilized in modern
proteomics.
Tryptic peptides contain a basic amino acid residue
at their C-terminus as a result of trypsin typically
cleaving at the C-terminal of arginine (R) and lysine (K)
residues [except when followed by proline (P)]. Not-
withstanding the apparent practical importance, rela-
tively little is known about the mechanistic, energetic,
and kinetic details of the dissociation channels of the
doubly charged ions of these peptides. In an effort to
address this problem and build on the knowledge
gained form earlier work [5–10] several recent statistical
analyses [11–15] of large datasets of peptide mass
spectra have been performed. A combined experimen-
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doi:10.1016/j.jasms.2008.11.021tal and theoretical investigation of a model doubly
protonated peptide, [G5R  2H]
2 has also been under-
taken recently [16].
Based on findings from principle component analy-
sis of a database containing 15,000 validated MS/MS
spectra of doubly protonated tryptic peptides, Zubarev
and coworkers [15] recently showed that these spectra
fall into two well separated classes. According to their
analysis the main factor distinguishing the two classes
was the relative abundance of the second peptide bond
cleavage. This cleavage results in b2 and yN-2 ions for
peptides of N residues long. The product-ion spectra
belonging to Class I are dominated by the correspond-
ing yN-2 ions [15]. Conversely, product-ion spectra of
Class II feature other predominantly yN-4 and yN-5
fragments as the most abundant. To explain their sta-
tistical analysis of y ion abundances the authors argued
[15] that formation of a nontraditional b2 ion for pep-
tides producing Class I spectra was the determining
factor producing the statistical anomaly, i.e., formation
of protonated diketopiperazine [17, 18] (six-membered
cyclic dipeptide) b2 ions rather than the classical ox-
azolone [19–21] structure. Peptide ions producing Class
II spectra were assumed to exclusively fragment to form
b ions with oxazolone structures [15].
The fragmentation chemistries related to formation
of the oxazolone and diketopiperazine b2 isomers have
been studied in detail [16, 22–27]. b2 ions with the
oxazolone structure are formed on the bn-ym pathways
[22, 24]. The related chemistry involves mobilization of
the backbone ionizing proton to the second amide
bond. Cleavage of this bond is then initiated by nucleo-
philic attack of the N-terminal amide oxygen to form
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diketopiperazine isomer b2 ions on the cyclic peptide
pathway requires trans to cis isomerization [23, 25, 26] of
the N-terminal amide bond before cleavage of the second
peptide bond (without this isomerization, the energetic
barriers for the diketopiperazine b2 ion formation are
impassably high). Following this isomerization, a back-
bone ionizing proton is mobilized to the second amide
nitrogen and amide bond cleavage is initiated by nucleo-
philic attack of the N-terminal amino group. While both
pathways involve proton transfer and amide bond cleav-
age steps, the trans to cis isomerization step can be
kinetically and/or thermodynamically controlled [25].
To assess the validity of Zubarev’s “diketopipera-
zine” hypothesis on Class I spectra, we have investi-
gated the dissociation chemistry of doubly protonated
YIGSR, YGGFLR, and YIYGSFK using a combined
experimental and computational strategy. Structures
relevant to trans to cis isomerization of the N-terminal
amide bond and to cleavage of the second amide bond
have been calculated for doubly protonated YIGSR. Fur-
thermore, we used the recently recommended SORI-
hydrogen/deuterium exchange (SORI-HDX) technique
[28] to probe the structure of b2 ions formed by CID of the
above peptides.
Materials
YIGSR, YIYGSFK, and YGGFLR were purchased from
American Peptide Company (Sunnyvale, CA) and were
used as received.
Mass Spectrometry
An IonSpec (Lake Forrest, CA) 4.7T FT-ICR instrument
was used for the CID and HDX experiments. Sustained
off-resonance irradiation-CID (SORI-CID) with Ar colli-
sion gas was used as the ion activation technique to
induce fragmentation of the doubly protonated precursor
ions. Singly and doubly protonated peptides were gener-
ated from ca. 10 MMeOH:H2O 1:1 solutions (containing
2% acetic acid) by an Analytica (Branford, CT) second-
generation electrospray source. The capillary temperature
was kept at 60 °C and a needle voltage of 3.8 kV was
applied. The FT-ICR instrument was modified in-house
for ion-molecule reaction studies by incorporating the
pulsed-leak configuration described by Jiao et al. [29]
Typical CD3OD pressure was in the range of 3–5  10
7
Torr, with a base pressure in the ICR analyzer of 7 1011
Torr. The precursor doubly charged ions were selected
monoisotopically but little “contamination” from the 13C
isotope was detected. The H/D exchange reaction time
and the gap between the SORI activation and beginning of
H/D exchange were adjusted so that relative kinetic rate
constants could be obtained. Note that there is no frag-
ment ion selection after the fragmentation so that infor-
mation on the relative H/D exchange kinetics was ob-
tained under the same experimental conditions on all the
fragments and the surviving precursor ion (if any) simul-taneously. For further details and other examples for the
usefulness of the SORI-HDX technique, see reference [28].
Calculations
A recently developed conformational search engine [16,
23–26] devised to deal with protonated peptides was
used to scan the potential energy surface (PES) of
doubly protonated YIGSR and its fragment ions. These
calculations started with molecular dynamics simula-
tions scanning various protonation sites using the In-
sight II program (Biosym Technologies, San Diego, CA)
in conjunction with the AMBER force field [30] modi-
fied in-house to enable the study of oxygen and nitro-
gen protonated amide bonds, species with C-terminal
oxazolone and imine moieties, and the bn-ym and cyclic
peptide type transition structures [26].
During the dynamics calculations, we used simu-
lated annealing techniques to produce candidate struc-
tures for further refinement, applying full geometry
optimization using the AMBER force field. The AMBER
optimized structures were analyzed by a conformer
family search program developed in Heidelberg. This
Figure 1. (a) SORI-CID spectrum of doubly protonated YIGSR.
(b) SORI-HDX spectrum of doubly protonated YIGSR. Fragments
were exposed to CD3OD for 10s at 3.2  10
7 Torr pressure in the
HDX experiment. Significant and characteristic D uptake is explic-
itly denoted by Dn.
620 BYTHELL ET AL. J Am Soc Mass Spectrom 2009, 20, 618–624program groups optimized structures into families for
which the most important characteristic torsion angles
of the molecule are similar. The most stable species in
the families were then fully optimized at the PM3,
HF/3-21G, B3LYP/6-31G(d), and finally at the B3LYP/
6-31G(d,p) levels, where the conformer families were
regenerated at each level. Vibrational frequencies deter-
mined at the B3LYP/6-31G(d) level of theory were used
to calculate zero-point energy corrections to the total
energies obtained at B3LYP/6-31G(d,p). Activation
and reaction entropies were computed by partition
functions obtained by the rigid rotor-harmonic oscilla-
Scheme 1. (a) Relay-type H/D exchange mech
ions. The spectator amino acid side chains are denottor approach as implemented in the Gaussian suite of
programs [31] using unscaled frequency calculations
obtained at the 6-31G(d) level of theory.
Results and Discussion
CID of Doubly Protonated YIGSR, YGGFLR, and
YIYGSFK
The SORI (Ar) MS/MS spectra of [YIGSR 2H]2 (Figure
1a), [YGGFLR  2H]2 (Figure S1a, Supporting Informa-
tion, which can be found in the electronic version of this
for (a) oxazolone and (b) diketopiperazine banism 2
ed by R1 and R2.
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Information) display characteristic fragments that are usu-
ally observed in MS/MS spectra of doubly protonated
tryptic peptides [6–9]. The high m/z region above the
precursor ion m/z contains singly charged y ions [for
example y3 (m/z 329) for YIGSR in Figure 1a)] while
prominent a2, b2, a1 and y1 ions are present at lower m/z
ratios. Additionally, several peaks resulting from small
molecule losses are also observed. The presence of the
dominating yN-2 peak in all three spectra shows that these
product ion spectra belong to Class I as defined by
Zubarev and coworkers [15], making them good model
systems to test the “diketopiperazine” hypothesis. Ac-
cordingly, their proposal argues that the corresponding b2
fragments will have the diketopiperazine structure.
Proton Mobility, trans-cis Isomerization and
Amide Bond Cleavage Transition Structures of
[YIGSR  2H]2
Detailed scans of the potential energy surface of doubly
protonated YIGSR were performed to probe whether
the corresponding b2 fragment is formed on the bn-ym or
cyclic peptide pathways. In all calculations, we assumed
that one of the extra protons is sequestered at the
Scheme 2. (a) Relay-type H/D exchange mechanism for linear a2
ions (b). Cyclic a2 ion structures do not undergo relay-type H/D
exchange. The spectator amino acid side chains are denoted by R1
and R2.
Table 1. Relative energetics (ERel) of selected [YIGSR  2H]
2
species calculated at the B3LYP/6-31  G(d,p) level with zero-point
energy (ZPVE) correction calculated at B3LYP/6-31G(d)
Position of the backbone
ionizing proton ERel/kcal mol
1
N-terminal aminoa 0.0
Y(1)–I(2) amide oxygena 5.8
I(2)–G(3) amide oxygena 12.3
Y(1)–I(2) amide nitrogena 21.5
I(2)–G(3) amide nitrogena 19.8
N-terminal aminob 0.3
Y(1)–I(2) amide oxygenb 8.5
aAll-trans configuration of peptide bonds in doubly protonated YIGSR.
bThe Y(1)–I(2) amide bond is in cis configuration.C-terminal R residue due to its high basicity while the
other extra proton occupies a backbone protonation site.
Our data indicate (Table 1) that the global minimum of
[YIGSR 2H]2 is a species where the second backbone
ionizing proton is located at the N-terminus. Amide
oxygen protonated species are less favored and the
relative energies of the Y(1)–I(2) and I(2)–G(3) amide O
protonated structures are at 5.8 and 12.3 kcal mol1,
respectively. As expected, transfer of the backbone
ionizing proton to amide nitrogens is more demanding
and requires 20 kcal mol1 relative energy.
To probe thermodynamic control on trans-cis isomer-
ization of the N-terminal amide bond we determined
N-terminal amino and Y(1)–I(2) amide oxygen proton-
ated structures with cis N-terminal amide bonds. The
amino protonated structure with cis Y(1)–I(2) amide
bond (0.3 kcal mol1 relative energy) is only slightly
above the all-trans global minimum. This is in clear
contrast to what we have found for doubly protonated
G5R [16] where the all-trans species were significantly
more stable than those with N-terminal cis amide bond.
This suggests that trans-cis isomerization of the N-
terminal amide bond is not thermodynamically con-
trolled for [YIGSR  2H]2.
In the next step we attempted to find low-lying
trans-cis isomerization transition structures for the first
amide bond. These calculations did locate ways of
isomerizing this bond, but at large energetic cost (i.e.,
required more energy than the oxazolone-forming b2-y3
transition structure (TS), see below). This was also the
case for [G5R  2H]
2 previously [16]. This is strong
evidence against the formation of diketopiperazine b2
ions on the cyclic peptide pathway.
Next we determined transition structures that lead to
the oxazolone and diketopiperazine isomers of b2 ions.
The oxazolone-forming b2-y3 TS (Figure S5) has a low
threshold energy at 31.7 kcal mol1 and a positive
Table 2. Local proton affinities (PAs, kcal mol1) of oxazolone
and diketopiperazine isomers for the YI and YG sequences. PAs
are calculated at the B3LYP/6-31  G(d,p) level with zero-point
energy (ZPVE) correction determined at B3LYP/6-31G(d)
Protonation site Proton affinity
YI oxazolone
Amino nitrogen 223.3
Oxazolone nitrogen 226.6
YI diketopiperazine
Y amide oxygen 215.2
Y amide nitrogen 199.2
I amide oxygen 211.9
I amide nitrogen 199.3
YG oxazolone
Amino nitrogen 221.0
Oxazolone nitrogen 221.4
YG diketopiperazine
Y amide oxygen 210.9
Y amide nitrogen 194.5
G amide oxygen 206.8
G amide nitrogen 193.3entropy of activation (6.7 cal mol1). The cyclic peptide
622 BYTHELL ET AL. J Am Soc Mass Spectrom 2009, 20, 618–624TS (Figure S6) is far less energetically (39.6 kcal mol1)
and entropically (0.3 cal mol1) favorable than the
corresponding oxazolone-forming b2-y3 pathway, so
based on the calculations, this is not a likely mechanism
for the b2 ion formation.
SORI-HDX Spectra of Doubly Protonated YIGSR,
YGGFLR, and YIYGSFK
To gain further insight into the structures of b2 and
other fragment ions we used the recently introduced
SORI-HDX technique [28]. The SORI-HDX spectra of
[YIGSR  2H]2, [YGGFLR  2H]2, and [YIYGSFK 
2H]2 obtained after 10 s exchange with CD3OD are
shown in Figure 1b, Figures S1b and S2b (Supporting
Information), respectively. The y fragments of these
peptides were not found to undergo HDX under the
applied experimental conditions. Conversely the b ions
readily exchanged protons for deuteriums, for example
b2 of [YIGSR  2H]
2 exchanges up to 3 hydrogens in
Figure 2. The a -b region of the product ion spe2 2
(c) 10s, and (d) 30s HDX. Significant and characteristic10 s. It was also determined that none of the a2 frag-
ments formed from the corresponding b2 fragments
underwent HDX in these experiments.
The mechanism of HDX in the gas phase has been
studied by Beauchamp and coworkers [32]. These au-
thors found that relay-type H/D exchange with CD3OD
required two protonation sites with similar local proton
affinities, which could be spatially bounded by the re-
agent molecule. Relay type HDX mechanisms are sche-
matically illustrated for the oxazolone and dike-
topiperazine isomers of b2 ions in Scheme 1. Here we
assume that the amino acid side chains do not have a
basic group that can take part in the HDX process. The
oxazolone isomer has two likely protonation sites: the
nitrogens of the N-terminal amino group and the ox-
azolone ring. For most of the oxazolones composed of
two amino acid residues, these two sites have similar
local proton affinities, the computed YI and YG values
are summarized in Table 2. It is worth noting here that
the differences between the two local PAs are small: 3.3
of doubly protonated YIGSR after (a) 0s, (b) 1s,ctrum
D uptake is explicitly denoted by Dn.
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respectively. Furthermore, the energetically most fa-
vored YIoxa (Figure S7, Supporting Information) and
YGoxa structures are stabilized by strong H-bonds
bridging these two protonation sites. This interaction
keeps the two nitrogens in close proximity and there-
fore both the protonation energetics and the stabilizing
H-bonding favor facile HDX for the oxazolone isomer
of b2.
The diketopiperazine b2 isomer also has two likely
protonation sites: the two amide oxygens. It is not
surprising that the local proton affinities of these sites
are similar (Table 2). However, the two oxygens are
kept far from each other by the rigid, planar dike-
topiperazine ring. This prevents the relay type HDX
between these two sites from being possible (Reaction A
in Scheme 1b). Another possibility for a relay type HDX
involves the oxygen and nitrogen atoms of the same
amide bond (Reaction B in Scheme 1b). This reaction is
hindered by the large PA differences between amide
oxygens and nitrogens in the 13–16 kcal mol1 range
(Table 2). Consequently neither HDX possibility for
diketopiperazine b2 ions satisfies the prerequisites [32]
of the relay mechanism so in theory, these ions should
not undergo (or undergo very limited) HDX with
CD3OD.
As mentioned in the preceding, the SORI-HDX spectra
of [YIGSR 2H]2, [YGGFLR 2H]2, and [YIYGSFK
2H]2 indicate facile HDX for the corresponding b2 ions on
the 10s time frame. Figure 2 summarizes further time-
dependent data on the a2-b2 region of the product ion
spectrum of [YIGSR  2H]2. (Similar data are presented
for [YGGFLR 2H]2 and [YIYGSFK 2H]2 in Figures
S3 and S4 in the Supporting Information). Nearly com-
plete exchange of the three labile protons is observed in
30 s. These spectra clearly suggest that the b2 ions of these
peptides are oxazolones and not diketopiperazines. As the
product ion spectra of [YIGSR  2H]2, [YGGFLR 
2H]2, and [YIYGSFK  2H]2 belong to Class I in
Zubarev’s classification, the finding of oxazolone b2 ions
means that some reason(s) other than the “dike-
topiperazine effect” must cause the bimodal distribu-
tion observed.
While not directly related to the major topic of this
paper, our SORI-HDX experiments provide valuable
information on the structure of a2 fragments as well.
These ions can have either linear or cyclic structures
(Scheme 2 and Figure S7) [33–35], which can intercon-
vert crossing a relatively low barrier. According to the
mechanism of Scheme 2 and the local PA data pre-
sented in Table 3, the linear structure is expected to
undergo facile HDX. On the other hand, the cyclic
isomer does not have two spatially close protonation
sites with similar local proton affinities. This clearly
indicates that cyclic a2 should undergo very limited
HDX with CD3OD. The SORI-HDX data indicate that a2
is cyclic for the YI and YG sequences: no exchange is
observed even on the 30 s time scale. This observation is
in line with our theoretical data that shows that thecyclic a2 structures are 6–7 kcal mol
1 more stable than
their linear counterparts and the TS necessary to form
these cyclic species being less energetically demanding
than the preceding b2-a2 TS (Figure S7).
Conclusions
Our combined experimental and theoretical investiga-
tion yielded the following results on the fragmentation
chemistry of doubly protonated YIGSR, YGGFLR, and
YIYGSFK:
1. Low-energy SORI-CID of [YIGSR 2H]2, [YGGFLR
2H]2, and [YIYGSFK 2H]2 produces fragmentation
patterns that are typical for doubly charged tryptic pep-
tides. The corresponding product ion spectra belong to
Class I according to Zubarev’s classification [15].
2. Calculations indicate that trans-cis isomerization of
the N-terminal amide bond of [YIGSR  2H]2 is
kinetically controlled.
3. The b2-y3 pathway has a low threshold energy
clearly explaining the dominance of fragments orig-
inating from cleavage of the I(2)–G(3) amide bond.
The cyclic peptide pathway could in principle pro-
duce the same ions, however the corresponding TS
is both energetically and entropically less favored
than the b2-y3 TS.
4. Our SORI-HDX data indicate that b2 ions formed
from [YIGSR  2H]2, [YGGFLR  2H]2, and
[YIYGSFK  2H]2 have a protonated oxazolone
structure strongly suggesting that the cyclic peptide
pathway is not active to any significant extent.
5. Our SORI-HDX data and calculations show that the
a2 ion is cyclic as had been proposed previously for
some simpler a2 ions [33].
6. The exact reason why a bimodal distribution is
observed for the maximum intensity y fragments by
Zubarev and coworkers [15] remains unresolved.
Table 3. Local proton affinities (PAs, kcal mol1) of the linear
YI and YG imines and the corresponding cyclic forms. PAs are
calculated at the B3LYP/6-31  G(d,p) level with zero-point
energy (ZPVE) correction determined at B3LYP/6-31G(d)
Protonation site Proton affinity
YI linear imine
Imine nitrogen 218.0
N-terminal nitrogen 216.5
YI cyclic form
Cyclic Y nitrogen 225.3
Cyclic I oxygen 221.6
Cyclic I nitrogen 209.0
YG linear imine
Imine nitrogen 200.6
N-terminal nitrogen 207.3
YG cyclic form
Cyclic Y nitrogen 218.2
Cyclic G oxygen 216.3
Cyclic G nitrogen 198.6Our combined experimental and computational
624 BYTHELL ET AL. J Am Soc Mass Spectrom 2009, 20, 618–624work here on model tryptic peptides suggests that
this statistical observation cannot be explained
solely by the “diketopiperazine” effect. Subsequent
experimental and computational work is under way
in our laboratories on further aspects of the frag-
mentation chemistry of doubly protonated tryptic
peptides.
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